3D ultrasound has been slow to make significant impact in clinical practice. In a large part, this is because 2D ultrasound is of such superior quality that sonographers have not seen any gain in adopting the new technology. More recently, however, diverse application of 3D technology has taken place in many branches of medicine, with obstetrics and gynaecology at the forefront. Several manufacturers now produce machines of remarkable sophistication and utility. Hardware and software have been integrated to allow the release of information from the ultrasound examination that has hitherto not been possible. In addition, virtual real time 3D images (4D ultrasound) have captured the imagination of both public and media. We report our preliminary clinical experience with 3 and 4D ultrasound in a limited clinical environment. While not suitable for wide scale application at present, we believe this technology has inherent advantages that will secure its clinical role and that this role will widen rapidly in the near future.
Introduction
All new modalities that show useful clinical potential have a different evolutionary pace. For three-dimensional (3D) ultrasound, there continues to be three main determinants. The first is incredible improvements in the technical sophistication of the software underpinning the technique. Second is the slow awakening of interest by the ultrasound community to its capabilities, including its diagnostic potential, and the third is its accessibility via an increasing number and range of ultrasound machines. The recent advance that has produced the most significant impact on the general public, if not yet to the ultrasound community, has been the ability to view threedimensional images in real time, that is four-dimensional (4D) ultrasound. As more ultrasound specialists begin to incorporate 3 and 4D techniques into their practice they begin to grapple with a new challenge that guarantees to place them, firmly and without any fuss, at the bottom of a tall and steep learning curve. For a practitioner with the effortless expertise and depth of experience of 2D imaging that has arisen from many years of ultrasound practice, acquiring a new machine with 3 and 4D capabilities is an interesting, frustrating and salutary experience.
We describe here our experiences of 3 and 4D imaging using a Siemens Antares fourSight system that has been gained over the last 6 months in a busy obstetrics and gynaecology tertiary referral centre. We evaluate the impact of these two new modalities on our current clinical practice and consider their future potential in our clinical practice.
The Principles of 3D and 4D Imaging
The principles of 3D ultrasound follow on, not surprisingly, from the basic principles of 2D imaging. In 2D static imaging multiple lines of information are reconstructed to form a twodimensional image. Refreshing this static image very rapidly produces a real time 2D image. Taking a large number of sequential 2D slices, amalgamating them into a three-dimensional box of information and storing this dataset results in a 3D 'volume' of information. The unit of stored information at the 2D level is the pixel and at the 3D level is the voxel. The file of volume information can be retrieved from the machine's memory and the 3D volume of information can be 'reconstructed' again at any time. Since the 3D volume has to be displayed on a 2D screen, one can only view a snapshot of the data. The reconstruction leads to an exciting aspect of 3D imaging that is the ever-expanding variety of supplementary ways in which the volume can be interrogated, potentially releasing additional information that could not be readily obtained during the 2D portion of the examination. Digital archival is possible with the medico-legally robust dataset available for subsequent analysis, proof of examination or even transmission electronically to a distant centre for independent or tertiary review. Improvements in teaching and education through better understanding of anatomical relationships and pathological cases seem a logical consequence.
The 4D image is merely a 3D image in real time and, therefore, is produced by the rapid display of sequential 3D volumes, continuously updated with sufficient speed to create the impression of a moving structure. Acquisition speeds of around 4 volumes per second will result in a somewhat interrupted image motion. Increasing the acquisition rate to volumes of 16 or more per second will produce a much more fluid motion, i.e. approaching 'real time'. The 'cineloop' feature permits the 'play-back' of numerous, stored consecutive images as a small movie clip. Thus, it is possible to achieve the highest quality 2 and 3-dimensional imaging plus real-time display of 3-dimensional images (4D ultrasound) using the same transducer. The image plane can be manipulated during scanning plus immediate interrogation of captured volumes if required-or they can be stored for later analysis. Storage of volumes is in a proprietary format, but volumes and clips, or still images can be also be stored as DICOM and/or converted to JPEG or AVI files by appropriate software for use in audiovisual presentations.
Acquiring and Interrogation of the 3D and 4D Images
As stated above the 3D volume is acquired by the storage of a sequential series of 2D images. This is either done automatically or manually. The automatic method is the preferred option as it requires the operator merely to place the probe centrally over the identified area of interest, ensure that the acquisition time, sweep angle and mode of movement (e.g. 'linear' or 'rocked') are all appropriate and keep the scanning hand stationery for a matter of seconds. The manual method requires a combination of additional skills that include moving the probe across the area of interest at the appropriate and consistent speed, while maintaining the probe at a constant angle to the skin. 3D ultrasound has been slow to make significant impact in clinical practice. In a large part, this is because 2D ultrasound is of such superior quality that sonographers have not seen any gain in adopting the new technology. More recently, however, diverse application of 3D technology has taken place in many branches of medicine, with obstetrics and gynaecology at the forefront. Several manufacturers now produce machines of remarkable sophistication and utility. Hardware and software have been integrated to allow the release of information from the ultrasound examination that has hitherto not been possible. In addition, virtual real time 3D images (4D ultrasound) have captured the imagination of both public and media. We report our preliminary clinical experience with 3 and 4D ultrasound in a limited clinical environment. While not suitable for wide scale application at present, we believe this technology has inherent advantages that will secure its clinical role and that this role will widen rapidly in the near future.
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All new modalities that show useful clinical potential have a different evolutionary pace. For three-dimensional (3D) ultrasound, there continues to be three main determinants. The first is incredible improvements in the technical sophistication of the software underpinning the technique. Second is the slow awakening of interest by the ultrasound community to its capabilities, including its diagnostic potential, and the third is its accessibility via an increasing number and range of ultrasound machines. The recent advance that has produced the most significant impact on the general public, if not yet to the ultrasound community, has been the ability to view threedimensional images in real time, that is four-dimensional (4D) ultrasound. As more ultrasound specialists begin to incorporate 3 and 4D techniques into their practice they begin to grapple with a new challenge that guarantees to place them, firmly and without any fuss, at the bottom of a tall and steep learning curve. For a practitioner with the effortless expertise and depth of experience of 2D imaging that has arisen from many years of ultrasound practice, acquiring a new machine with 3 and 4D capabilities is an interesting, frustrating and salutary experience. We describe here our experiences of 3 and 4D imaging using a Siemens Antares fourSight system that has been gained over the last 6 months in a busy obstetrics and gynaecology tertiary referral centre. We evaluate the impact of these two new modalities on our current clinical practice and consider their future potential in our clinical practice.
The Principles of 3D and 4D Imaging
Acquiring and Interrogation of the 3D and 4D Images
As stated above the 3D volume is acquired by the storage of a sequential series of 2D images. This is either done automatically or manually. The automatic method is the preferred option as it requires the operator merely to place the probe centrally over the identified area of interest, ensure that the acquisition time, sweep angle and mode of movement (e.g. 'linear' or 'rocked') are all appropriate and keep the scanning hand stationery for a matter of seconds. The manual method requires a combination of additional skills that include moving the probe across the area of interest at the appropriate and consistent speed, while maintaining the probe at a constant angle to the skin. Correspondence Although interrogation of a 3D volume may enable the operator to visualize the anatomy in planes that were unobtainable during conventional 2D imaging, the basic quality of the 3D image is completely dependent on the 2D information from which it is derived. Thus, it is vital to optimize the 2D image before acquiring the volume. This should include the obvious, such as correct gain, time gain compensation (TGC) and focus settings and appropriate image size. In addition, different examination objectives have varying requirements. 3D imaging of a fetal surface feature, for example, the face, requires fluid in front of the target organ, while this is of minor importance when imaging the fetal bony spine.
Having successfully acquired the volume, whether it is 3D or 4D, one of the first actions to be learnt is to remember to store it. Just as with all potential masterpieces produced with the aid of computer technology, it is surprisingly easy to fail to do this, especially if immediately side tracked into evaluating the acquired volume and interrogating its dataset. 3D stills can be saved as either a single 3D image or the entire volume can be saved for subsequent retrieval and analysis. 4D images can be saved as a clip or when frozen as a single image or a volume.
The Role of 3 and 4D in Clinical Practice
3D ultrasound has seen varied application in many branches of medicine, but the most numerous have been in our own speciality of obstetrics and gynaecology. It is not the purpose of this article to review all the applications attempted with this new imaging method. However, in own our hospital we have active tertiary referral centres in reproductive and fetal medicine, and have therefore been very interested in the diagnostic capabilities in these special areas. We will now report our preliminary experience with these specific applications.
Assisted conception has seen 3D ultrasound used as an aid to assess tubal patency, predict IVF outcome and to diagnose congenital uterine anomalies. [1] [2] [3] [4] Our experience derives from the transvaginal, manual acquisition of 3D volumes to examine uterine morphology. We have found that the most informative volume is acquired by imaging the uterus optimally in transverse section and then performing the manual sweep, in transverse section, from the cervix up (as far down as possible) to the fundus. Although a lateral sweep through sagittal sections of the uterus may feel the more natural method of acquiring the uterine volume, in our experience it is easier to obtain optimal coronal sections by the transverse method compared with the longitudinal method. This is because the sweep speed and smoothness are easier to maintain in the transverse plane. Other workers have recognized the diagnostic advantages of imaging the uterus in the coronal plane using 3D. Our experience to date would suggest that a minimum of 10 datasets from normal subjects should be acquired to develop the skills required to obtain coronal uterine sections of sufficient quality to be clinically useful. For pelvic scans, it is also important to include the cervix in the volume acquisition to allow full interrogation for uterine anomaly. Our embryonic experience of this technique has resulted in our ability to differentiate, with increasing confidence, between the normal (Fig. 1) , arcuate ( Fig. 2 ) and subseptate uterus ( Fig. 3 ). In this area, we are already confident that we have found an application for 3D that is of significant and immediate clinical benefit in gynaecology. In addition, another clinical application may be in the preoperative assessment of submucosal fibroids (Fig. 4) , where 2D ultrasound is limited in its ability to estimate protrusion into the endometrial cavity when planning possible hysteroscopic resection.
Obstetric literature reports 3D anomaly diagnoses from early in pregnancy, [5] [6] [7] [8] although there are no comparative studies to support the superiority of 3D ultrasound compared with its 2D counterpart. Despite the ability to make valid diagnoses with 2D imaging it has become clear to us that 4D imaging of the first trimester fetus provides additional information that may not change the diagnosis, but does significantly increase our visual perception of the abnormality. The conventional 2D images will enable the diagnosis of acrania, for example, to be made with more confidence at 12 weeks of gestation. The advantage of applying 4D imaging in this situation is the additional information relating to the appearance of the defect that is so striking (Fig. 5 ). We have also been able to reassure a mother, in whom an absent radius had not been detected until late in a previous pregnancy, that both forearms were obviously normal in the first trimester in the next pregnancy. In this respect, the ability to rotate or animate the stored 3D image or real-time 4D sequence proved of great assistance.
The gestational age of the fetus has an important influence on the ease with which clinically (or parentally) useful datasets can be obtained. A 4D image of a 12-week fetus will enable the whole fetus to be imaged and limbs, hands, feet, head and body movements to be clearly identified. It is our experience, however, that the overall anatomical information provided by 2D imaging remains superior in the majority of cases. However, developing our first trimester 4D expertise has been accompanied by something of a revelation in two differing areas. First is the very different perception of the range of movements and fetal activity that has only become apparent to us since observing the active first trimester fetus in 4D. Second is that the appearance of the fetus at this stage of gestation can appear distorted with the skull appearing rather knobbly and doming of the abdominal wall even after the 12 weeks at which we expect the that the bowel has returned to the fetal abdomen.
Later in pregnancy, the imaging of many other lesions has benefited from the application of 3D. [9] [10] [11] [12] Again, the diagnosis can be made perfectly adequately from conventional 2D imaging and, in this respect, incorporating 4D does not alter the diagnosis. The benefit it confers, however, is in an increased awareness of the extent of the defect that cannot be conveyed from the 2D image. We had assumed that this benefit would be primarily for the parents and that we, as experienced professionals, would gain little additional information from the 4D images. We were therefore unprepared for the impact that the 4D views made on our previous perception of the various abnormalities we have so far seen. We have now seen cases of fetal anencephaly (Fig. 6 ), gastroschisis ( Fig. 7) , exomphalos ( Fig. 8 ), bilateral talipes equinovarus ( Fig. 9 ) and limb reduction defects (Fig. 10) . In all cases, the 3 and 4D images were superior in depicting the pathology in a manner that was visually clear, striking and fresh. We felt we really were 'observing' the fetus in the most real sense of the word. Our mothers have appreciated the chance to look at the lesion in a more life-like way. In addition, all pediatricians to whom we have shown the images at fetal medicine interdisciplinary meetings have also commented on the improved perception that they have drawn from the display.
It has been estimated that, starting from the 20th to the 22nd week, the fetal face can be imaged in 75-80% of cases ( Fig. 11 ). This is completely dependent of fetal position and having a viewing window of amniotic fluid in front of the face. It seems also to be gestationally dependent in that the degree of fetal soft tissue also influences the appearance of the picture. In the second trimester, with less soft tissue, the appearances are more gaunt and skeletal (Fig. 11 ). This resolves with advancing gestation to allow optimal images from 30 weeks (Fig. 12) . In some hospitals, particularly those where there is a regional cleft lip centre, all suspected and confirmed clefting cases are reviewed together by a multidisciplinary team. Early reports suggest that the plastic surgeons and parents alike benefit from a 3D depiction of the lesion. 13 We have not yet had the chance to examine a case of fetal cleft lip and/or palate with this technology. However, as a regional clefting centre ourselves, we expect that this will occur in the near Although interrogation of a 3D volume may enable the operator to visualize the anatomy in planes that were unobtainable during conventional 2D imaging, the basic quality of the 3D image is completely dependent on the 2D information from which it is derived. Thus, it is vital to optimize the 2D image before acquiring the volume. This should include the obvious, such as correct gain, time gain compensation (TGC) and focus settings and appropriate image size. In addition, different examination objectives have varying requirements. 3D imaging of a fetal surface feature, for example, the face, requires fluid in front of the target organ, while this is of minor importance when imaging the fetal bony spine.
Assisted conception has seen 3D ultrasound used as an aid to assess tubal patency, predict IVF outcome and to diagnose congenital uterine anomalies. [1] [2] [3] [4] Our experience derives from the transvaginal, manual acquisition of 3D volumes to examine uterine morphology. We have found that the most informative volume is acquired by imaging the uterus optimally in transverse section and then performing the manual sweep, in transverse section, from the cervix up (as far down as possible) to the fundus. Although a lateral sweep through sagittal sections of the uterus may feel the more natural method of acquiring the uterine volume, in our experience it is easier to obtain optimal coronal sections by the transverse method compared with the longitudinal method. This is because the sweep speed and smoothness are easier to maintain in the transverse plane. Other workers have recognized the diagnostic advantages of imaging the uterus in the coronal plane using 3D. Our experience to date would suggest that a minimum of 10 datasets from normal subjects should be acquired to develop the skills required to obtain coronal uterine sections of sufficient quality to be clinically useful. For pelvic scans, it is also important to include the cervix in the volume acquisition to allow full interrogation for uterine anomaly. Our embryonic experience of this technique has resulted in our ability to differentiate, with increasing confidence, between the normal (Fig. 1) , arcuate ( Fig. 2 ) and subseptate uterus (Fig. 3 ). In this area, we are already confident that we have found an application for 3D that is of significant and immediate clinical benefit in gynaecology. In addition, another clinical application may be in the preoperative assessment of submucosal fibroids (Fig. 4) , where 2D ultrasound is limited in its ability to estimate protrusion into the endometrial cavity when planning possible hysteroscopic resection.
Later in pregnancy, the imaging of many other lesions has benefited from the application of 3D. [9] [10] [11] [12] Again, the diagnosis can be made perfectly adequately from conventional 2D imaging and, in this respect, incorporating 4D does not alter the diagnosis. The benefit it confers, however, is in an increased awareness of the extent of the defect that cannot be conveyed from the 2D image. We had assumed that this benefit would be primarily for the parents and that we, as experienced professionals, would gain little additional information from the 4D images. We were therefore unprepared for the impact that the 4D views made on our previous perception of the various abnormalities we have so far seen. We have now seen cases of fetal anencephaly (Fig. 6) , gastroschisis ( Fig. 7) , exomphalos ( Fig. 8 ), bilateral talipes equinovarus ( Fig. 9 ) and limb reduction defects (Fig. 10) . In all cases, the 3 and 4D images were superior in depicting the pathology in a manner that was visually clear, striking and fresh. We felt we really were 'observing' the fetus in the most real sense of the word. Our mothers have appreciated the chance to look at the lesion in a more life-like way. In addition, all pediatricians to whom we have shown the images at fetal medicine interdisciplinary meetings have also commented on the improved perception that they have drawn from the display.
It has been estimated that, starting from the 20th to the 22nd week, the fetal face can be imaged in 75-80% of cases (Fig. 11 ). This is completely dependent of fetal position and having a viewing window of amniotic fluid in front of the face. It seems also to be gestationally dependent in that the degree of fetal soft tissue also influences the appearance of the picture. In the second trimester, with less soft tissue, the appearances are more gaunt and skeletal (Fig. 11 ). This resolves with advancing gestation to allow optimal images from 30 weeks (Fig. 12) . In some hospitals, particularly those where there is a regional cleft lip centre, all suspected and confirmed clefting cases are reviewed together by a multidisciplinary team. Early reports suggest that the plastic surgeons and parents alike benefit from a 3D depiction of the lesion. 13 We have not yet had the chance to examine a case of fetal cleft lip and/or palate with this technology. However, as a regional clefting centre ourselves, we expect that this will occur in the near future and feel confident that the advantages outlined by Campbell and Lee 14 will be confirmed.
In a review article such as this, we feel some general observations should be made. Detractors of 3D may suggest that the technology requires less skill of the sonographer. This is most definitely not true. The best 3 and 4D images can only be obtained from an excellent 2D base. Thus, traditional skills remain plus the need for even greater technical expertise to optimize the 2D picture before adding 3D. In addition, a new future and feel confident that the advantages outlined by Campbell and Lee 14 will be confirmed. In a review article such as this, we feel some general observations should be made. Detractors of 3D may suggest that the technology requires less skill of the sonographer. This is most definitely not true. The best 3 and 4D images can only be obtained from an excellent 2D base. Thus, traditional skills remain plus the need for even greater technical expertise to optimize the 2D picture before adding 3D. In addition, a new technique of scanning in 3D has to be learnt which is different from 2D, as well as familiarization with an entirely new set of controls. Mental agility is required along with good spatiotemporal awareness. 3D scanning takes time. We have, with practice, been able to incorporate it into our tertiary anomaly scanning appointments. In appropriate cases, the usual sequence is that we perform the 2D element first, and then we acquire one or more 3D volumes for storage followed by the 4D examination (fetal co-operation is necessary). Still, cine and volumes are saved in DICOM at all stages. What does take time is the interrogation of the stored 3D volumes after they have been acquired. While this can be done at the bedside, in most units it will generally be done at the end of the day, either on the machine itself or, if available, on a computing workstation. At this stage of technology evolution, the time investment in this phase can be considerable. Any technique of scanning in 3D has to be learnt which is different from 2D, as well as familiarization with an entirely new set of controls. Mental agility is required along with good spatiotemporal awareness. 3D scanning takes time. We have, with practice, been able to incorporate it into our tertiary anomaly scanning appointments. In appropriate cases, the usual sequence is that we perform the 2D element first, and then we acquire one or more 3D volumes for storage followed by the 4D examination (fetal co-operation is necessary). Still, cine and volumes are saved in DICOM at all stages. What does take time is the interrogation of the stored 3D volumes after they have been acquired. While this can be done at the bedside, in most units it will generally be done at the end of the day, either on the machine itself or, if available, on a computing workstation. At this stage of technology evolution, the time investment in this phase can be considerable. Any theoretical benefit that 3D may reduce sonographer scanning time remains firmly in the future. 3 and 4D does not have a part in a busy screening practice at present. As already alluded to the impact of a totally life-like fetal image moving in real-time does have an inevitable impression on both sonographer and the parents. Appreciation of fetal form by the parents seems improved. It is possible to be sceptical about the effect of this and whether it translates into an alteration in fetal bonding seems arguable. However, it would not be surprising if some groups did not try to harness this subjective affect in arguments around scanning in pregnancy. Interestingly, some have mooted that 4D ultrasound may be of assistance in helping patients quit abusive materials and smoking, 15 and there is an interesting potential opportunity to further study fetal behaviour and movement in the normal and growth restricted or anomalous fetuses.
In our opinion, 3D ultrasound seems to be an aid to conventional 2D imaging and not a competitive technology. It seems to enhance the diagnostic process and we foresee further use of this technique within our tertiary clinical environment. The cautionary note is that there is a need for patience and perseverance for the technique and in its diagnostic capability to a degree that we had not previously anticipated. theoretical benefit that 3D may reduce sonographer scanning time remains firmly in the future. 3 and 4D does not have a part in a busy screening practice at present.
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Summary Points
Conclusions
Despite relatively longstanding availability, largely from a single manufacturer, 3D ultrasound has been slow to find acceptance in mainstream scanning, and the evidence for compelling clinical advantage still very immature. In addition, the sheer quality and utility of contemporary 2D ultrasound is a barrier to wide scale implementation of 3 and 4D machines. However, the future of the technique seems assured. An ability to image in three dimensions during the real-time examination combined with an improved image perception by the sonographer, patient and other medical professionals, the obvious advantages of an ability to analyse in multiple planes, as well as sophisticated processing, combined with the capacity to store the volume data in a medico-legally robust manner for subsequent analysis represent clear improvements over the existing technology. When combined with greater choice between manufacturers and competitive pricing, the clinical arena seems poised for a more widespread incorporation into clinical practice. 
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